Extensive Normal Copy Number Variation of a β-Defensin Antimicrobial-Gene Cluster  by Hollox, E.J. et al.
Am. J. Hum. Genet. 73:591–600, 2003
591
Extensive Normal Copy Number Variation of a b-Defensin
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Using a combination of multiplex ampliﬁable probe hybridization and semiquantitative ﬂuorescence in situ hy-
bridization (SQ-FISH), we analyzed DNA copy number variation across chromosome band 8p23.1, a region that
is frequently involved in chromosomal rearrangements. We show that a cluster of at least three antimicrobial b-
defensin genes (DEFB4, DEFB103, and DEFB104) at 8p23.1 are polymorphic in copy number, with a repeat unit
240 kb long. Individuals have 2–12 copies of this repeat per diploid genome. By segregation, microsatellite dosage,
and SQ-FISH chromosomal signal intensity ratio analyses, we deduce that individual chromosomes can have one
to eight copies of this repeat unit. Chromosomes with seven or eight copies of this repeat unit are identiﬁable by
cytogenetic analysis as a previously described 8p23.1 euchromatic variant. Analysis of RNA from different indi-
viduals by semiquantitative reverse-transcriptase polymerase chain reaction shows a signiﬁcant correlation between
genomic copy number of DEFB4 and levels of its messenger RNA (mRNA) transcript. The peptides encoded by
these genes are potent antimicrobial agents, especially effective against clinically important pathogens, such as
Pseudomonas aeruginosa and Staphylococcus aureus, and DEFB4 has been shown to act as a cytokine linking the
innate and adaptive immune responses. Therefore, a copy number polymorphism involving these genes, which is
reﬂected in mRNA expression levels, is likely to have important consequences for immune system function.
Introduction
Defensin genes encode a family of small cationic an-
timicrobial peptides that form an important part of the
innate immune system (Ganz 1999). The family is di-
vided into three classes, a, b, and v, according to the
arrangement of disulﬁde bridges between cysteine res-
idues. The a-defensins are strongly expressed in neu-
trophils and are also present in certain epithelia, such
as the gut wall, endocervix, and vagina. They have been
shown by both in vitro and in vivo methods to have
powerful antimicrobial properties (Ghosh et al. 2002;
Salzman et al. 2003) and contribute to the anti-HIV-1
properties of CD8 antiviral factor (Zhang et al. 2002).
The b-defensins are expressed in a variety of epithelia,
especially in the airways and epididymis, and have been
shown to have broad antimicrobial properties (Schutte
and McCray 2002). In particular, DEFB4 (MIM 602215)
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is effective against Escherichia coli and Pseudomonas
aeruginosa at micromolar concentrations (Harder et al.
1997; Bals et al. 1998; Liu et al. 1998), and DEFB103
(MIM 606611) is extremely effective against Staphylo-
coccus aureus (Harder et al. 2001). In addition to its
antimicrobial properties, DEFB4 is expressed in leuko-
cytes and acts as a chemokine for cells of the adaptive
immune response (Yang et al. 1999; Biragyn et al. 2002).
The only v-defensin gene identiﬁed so far in humans is
DEFT1, which appears to be an expressed pseudogene.
The putative ortholog of DEFT1 in the rhesus monkey
(Macacca mulatta) has strong anti-HIV properties (Cole
et al. 2002). All a- and v-defensins and most b-defensins
occur in a cluster at 8p23.1, although recent in silico
analysis has identiﬁed clusters of putative b-defensins at
20p13, 20q11.1, and 6p12 (Schutte et al. 2002). The
evolutionary relationship between these clusters and the
genes within them is not known.
Chromosome band 8p23.1 is known to be a frequent
site of chromosomal rearrangements mediated by two
olfactory repeat regions (ORRs) 5 cM apart. As many
as one in four individuals from the normal population
is a carrier of an inversion polymorphism between these
two ORRs (Giglio et al. 2001, 2002). An apparent chro-
mosomal duplication has been described, in this region,
that is a euchromatic variant (EV) with no clinical phe-
notypic effect (Barber et al. 1998; O’Malley and Storto
1999).
592 Am. J. Hum. Genet. 73:591–600, 2003
Table 1
MAPH Probes Used to Screen 8p23.1 for Copy Number Variation
MAPH Probe (DDBJ/
EMBL/GenBank
Accession Number) Location (Bases)
A (NM_001147) ANGPT2 exon 9 (1716–1901)
B (AF287957) Proximal to ANGPT2 (168026–168192)
C (Z45294) FLJ11210 (41–174)
D (AF233439) Between DEFB1 and DEFA4
(62370–62614)
E (AF238378) DEFA3 exon 1 (41924–42309)
F (NM_04942) DEFB4 exon 2 (117–237)
G (AC252830) DEFB4 intron 1 (74061–74197)
H (G13705) SPAG11 intron 2 (121–326)
I (AA687243) Anonymous region (41–120)
J (AA226797) Distal to MASL1 (121–211)
K (AA010611) MASL1 intron 1 (50–241)
L (Z24258) Next to D8S550 (296–380)
M (L34357) GATA4 exon 6 (1415–1817)
N (AQ318792) DLC1 intron 1 (21–238)
To characterize the cytogenetic EV and to determine
copy number variation at this locus, we used a combina-
tion of semiquantitative ﬂuorescence in situ hybridization
(SQ-FISH), for examination of relative signal ratios, and
multiplex ampliﬁable probe hybridization (MAPH), for
direct assay of the DNA copy number. We show that the
EV is not a simple doubling of a chromosomal segment
but is a high-copy-number allele of normal copy number
variation involving the b-defensin gene cluster. Most in-
dividuals have 2–7 copies per diploid genome, whereas
EV carriers have 9–12 copies. We also show that expres-
sion levels of DEFB4 are correlated with copy number,
which suggests that this polymorphismmay be an impor-
tant component of genetic variation in susceptibility to
infectious disease.
Material and Methods
DNA and RNA Extraction
Genomic DNA and total RNA were extracted from
lymphoblastoid cells and whole peripheral blood, using
standard techniques (Ausubel et al. 1997). All research
samples from patients were collected under appropriate
ethical committee approval.
MAPH and Analysis
MAPH is a DNA-based quantitative method for di-
rect determination of DNA copy number and relies
on the fact that ampliﬁable probes can be hybridized
to genomic DNA ﬁxed onto a nylon membrane, strin-
gently washed, and then ampliﬁed so that the amount
of ampliﬁed product is directly proportional to the
copy number in the genomic DNA. Each ampliﬁable
probe is a different length, so that the probes can be
resolved by electrophoresis. All probes share primer-
binding sites at each end, so that one pair of primers
can amplify all probes simultaneously.
MAPH probes were generated by PCR ampliﬁcation
and cloning into pZero-2 vector (Invitrogen) and were
sequenced to conﬁrm identity. The probes spanning
8p23.1 were termed “A”–“N” (table 1 and ﬁg. 1). The
ﬁnal probe set was a mixture of these probes with probes
from a set used for screening subtelomeric regions for
deletions and duplications (Hollox et al. 2002). These
subtelomeric probes do not report common polymor-
phism in extensive testing (Hollox et al. 2002) and could
therefore be used as reference probes for measurement
of the relative dosage of the 8p23.1 probes.
The full experimental details of MAPH have been
published elsewhere (Armour et al. 2000), and up-
dates are available at the Institute of Genetics, Uni-
versity of Nottingham, Web site (Multiplex Ampliﬁ-
able Probe Hybridization). In brief, hybridization of
immobilized genomic DNA with the 8p23.1 MAPH
probe set was performed as described elsewhere, using
other probe sets (Armour et al. 2000). After stringent
washing, ampliﬁable probes that remained bound to
the genomic DNA were released by incubation in a
solution of 50 ml (containing 75 mM Tris-HCl [pH
8.8 at 25C], 20 mM [NH4]2SO4, and 0.01% [v/v]
Tween 20 [1 # PCR buffer IV; ABgene]) at 95C for
5 min; 1 ml of this solution was used to seed a 20-ml
PCR using a 5′ FAM-labeled PZA primer (5′-AGTAA-
CGGCCGCCAGTGTGCTG-3′) and an unlabeled PZB
primer (5′-CGAGCGGCCGCCAGTGTGATG-3′) and
was ampliﬁed for 25 cycles, with each cycle being 95C
for 1 min, 60C for 1 min, and 70C for 1 min, followed
by a ﬁnal 20-min 72C extension incubation. After eth-
anol precipitation of the product, 3 ml of formamide
loading buffer/ROX-500 ﬂuorescent marker was added
to the pellet and was loaded on an ABI 377 ﬂuorescent-
gel-electrophoresis apparatus.
After electrophoretic separation of the 61 different
probes in the probe set (14 probes mapping to 8p23.1
and 47 probes mapping to single-copy subtelomeric re-
gions; see ﬁg. 2), each probe was quantiﬁed bymeasuring
the appropriate peak area by use of the Genescan soft-
ware (Applied Biosystems). These values were normal-
ized against the four nearest reference peaks within the
sample. In the absence of normal copy number variation,
these values are in an approximate Gaussian distribution
around the mean, with the SD indicating the measure-
ment error of the MAPH procedure (Hollox et al. 2002).
SDs of ∼10%were observed, low enough to detect chang-
es involving a large relative change in copy number, such
as one copy instead of two, but not low enough to dis-
criminate, for example, six copies from ﬁve copies. Mul-
tiple testing of each sample allowed us to increase the
measurement precision and report 95% conﬁdence lim-
its on each copy number value (table 2). Multiple probes
also allow an increase in precision of copy number mea-
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Figure 1 MAPH probe locations on 8p23.1. Positions of the MAPH probes (A–N) used to screen 8p23.1 for copy number variation are
shown by arrows, together with the ORRs named “REPP” and “REPD” by Giglio et al. (2001). The area identiﬁed as involved in the copy
number variation is shown in detail and is represented twice in this genome assembly (November 2002 assembly; for details, see the University
of California–Santa Cruz [UCSC] Genome Bioinformatics Web site). The probe marked with an asterisk (*) showed increased dosage in 8p23.1
EVs but maps to ORR sequences and was not included in the main MAPH probe set. RefSeq p reference sequence.
surement, although this assumes that each probe dosage
reﬂects the same underlying dosage in the DNA. For this
reason, table 2 reports separately the values of probes
F–H.
Pulsed-Field Gel Electrophoresis
Peripheral blood leukocytes were taken from individ-
ual N025 (table 2), and DNA was prepared in agarose
blocks, using standard methods (Ausubel et al. 1997).
Restriction-endonuclease digestion, pulsed-ﬁeld gel elec-
trophoresis using a CHEFIII gel apparatus (BioRad), and
blotting onto an uncharged nylonmembrane (Osmonics)
were performed using standard procedures (Ausubel et
al. 1997).
FISH Analysis
Conventional FISH and SQ-FISH were performed in
a similar way to previous work (Barber et al. 1999).
In brief, images were captured, enhanced, and analyzed
using a Photometrics 200 cooled charge-coupled–device
camera and a Macintosh PowerPC equipped with Pow-
ergene MacProbe software (Perceptive Scientiﬁc Instru-
ments). For SQ-FISH, ﬂuorescent images were normal-
ized to remove background, and the intensity ratios (EV
chromosome:normal chromosome) of the individual sig-
nals on each homolog were measured in a series of 10–12
metaphase chromosome spreads. Standard parametric
methods were then used on the natural-logarithm ratios
to obtain mean, SD, and SEM. The 95% CIs were ob-
tained from the antilog of the value of t(n  1)# SEM,
where t is the appropriate two-tailed t-test parameter
and n is the number of paired observations.
Microsatellite Analysis
Genotypes for D8S1140 and D8S550 for CEPH fam-
ilies 1331 and 1332 were downloaded from the CEPH
database (for details, see the Fondation Jean Dausset–
CEPH Web site). To genotype microsatellite EPEV-1, we
ampliﬁed 20 ng of genomic DNA by using the primers
5′-GGCAGTATTCCAGGATACGG-3′ (MSAT3F, ﬂuo-
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Figure 2 MAPH analysis of normal control individual and 8p23.1 EV carrier. A MAPH chromatogram shows the analysis of an EV
carrier (bottom), with 12 copies of the 8p23.1 repeat unit, and a control DNA sample (top), with 3 copies of the 8p23.1 repeat unit. The X-
axis represents probe length (in bp), and the Y-axis represents relative ﬂuorescence units. Each peak represents a different ampliﬁable probe
separated by length. The three probes (F–H) measuring b-defensin–cluster copy number are indicated, together with a probe (E) mapping to
DEFA1. Other peaks represent other probes, most of which (47 of the remaining 57) map to single-copy subtelomeric regions and have a copy
number of two per diploid genome. The areas of the polymorphic probe peaks (F–H) in the control sample (three copies) are similar to, but
slightly larger than, the subtelomeric probe peaks (two copies).
rescently labeled at the 5′ end) and 5′-GAACAATTAGA-
TATCCCTATGC-3′ (MSAT3R) for 25 cycles; 1.5 ml of
this PCR product was then mixed with formamide load-
ing buffer and was run on an ABI 377 with a ROX-500
marker. Peak areas were estimated after correction for
PCR stutter, which was always !10% of the main peak
area. Approximate allelic dosage ratios were calculated
with prior knowledge of MAPH dosage results, by di-
viding the area under each allelic peak by the average
per copy and rounding to the nearest integer.
Duplex Semiquantitative RT-PCR Analysis
One microgram of total RNA from lymphoblastoid
cells was reverse transcribed using 5 U of Reverse-iT
Reverse Transcriptase blend (ABgene) and 500 ng of
an anchored oligo-dT primer (5′-TTTTTTTTTTTT-
TVN-3′) in a ﬁnal volume of 20 ml. Five microliters of
cDNA was used to seed a duplex PCR with 1.25 U of
Taq polymerase, a pair of primers for the gene of in-
terest, and a pair for TBP, a control housekeeping gene
(Murphy et al. 1990). After 32 cycles of 94C for 30
s, 60C for 1 min, and 72C for 1 min, a 10-ml aliquot
was run on a 1.5% agarose gel, and each band was
quantiﬁed using ArrayPro software (Media Cybernet-
ics). To identify any genomic contamination, we de-
signed all primers used for RT-PCR such that they
spanned at least one intron in the genomic sequence,
and a negative control for the reverse-transcriptase re-
action was included in each PCR experiment. Each ex-
periment was repeated three times, to obtain the SEM,
and repeat analysis using different amounts of cDNA
showed that the PCR had not reached saturation under
these conditions. The log10 of the mean ratio  SEM
between the two bands was calculated. All RT-PCR
analysis was performed blind to copy number.
Results
We analyzed locus copy number by use of MAPH
(Armour et al. 2000) across 8p23.1 (ﬁg. 1) in fami-
lies with a cytogenetically visible EV of 8p23.1 (Bar-
ber et al. 1998) (ﬁgs. 2 and 3) and in 90 unrelated
control individuals. Two probes spanning the DEFB4
b-defensin locus showed reproducibly polymorphic
signals correlated between probes ( , between2r p 0.8
probes F and G; see ﬁg. 1). Further analysis showed
the same variation at the SPAG11 gene (MIM 606560),
47 kb away (probe H), indicating that three probes re-
ported concordant copy number variation of the same
segment. Analysis of a microsatellite (EPEV-1 [DDBJ/
EMBL/GenBank accession number BK001119]) in this
region in CEPH families 1331 and 1332 demonstrated
one to two alleles per haplotype and linkage to neigh-
boring markers D8S550 and D8S1140 (data not shown).
No copy number variation was found with any of the
other 8p23.1 probes, with the exceptions of probe E,
which detected the known independent copy number
polymorphism of DEFA1 (Mars et al. 1995 and data
not shown), and probe J, for which a putative copy
number polymorphism was detected in 2 of 90 indi-
viduals.
The data are consistent with a minimum copy num-
Table 2
MAPH, Microsatellite, SQ-FISH, and Cytogenetic Analyses of a Subset of Individuals
SAMPLE
MAPH ANALYSISa MICROSATELLITE EPEV-1 ANALYSIS SQ-FISH ANALYSISb G-BAND
CYTOGENETIC
ANALYSIS
OF 8P23.1 EVcnd
SPAG11
(probe H)
DEFB4a
(probe G)
DEFB4b
(probe F) Other 8pe
b-Defensin–Cluster
Copy Number Genotype
Approximate
Dosage Ratio
BAC 51D11
Signal Intensity Ratio
YAC HTY3020
Signal Intensity Ratio
b-Defensin–Cluster
Alleles
Family 1:
I:2 4 ND 12  1.6 10  .54 2.0  .19 11 169,182,184,188 1:2:7:1 ND ND … Yes
II:3 2 ND 10  1.2 9.1  .59 2.0  .49 9 169,182,184 2:1:6 ND ND … Yes
II:5 3 3.4  .18 4.0  .21 3.0  .18 1.7  .11 4 169,184,188 1:2:1 ND ND … No
II:8 4 ND 8.9  .41 8.8  .61 1.9  .30 9 169,182,184 2:1:6 1:3.9 (2.4–6.3) 1:7.6f (5.5–10) 1, 8 Yes
II:11 2 ND 12  2.8 10.3  1.7 2.2  .39 11 169,182,184 4:2:5 ND ND … Yes
Family 2:
I:1 2 8.8  .01 11  0.27 8.1  .55 2.3  .19 9 182,184,186,188 3:4:1:1 ND 1:2.8 (1.9–4.1) 2, 7 Yes
I:2 4 4.5  .23 4.3  .31 4.4  .38 2.1  .26 4 169,182,184,190 1:1:1:1 ND 1:1.3 (1.1–1.7) 2, 2 No
II:2 4 9.3  .66 9.4  .89 8.6  .35 2.2  .49 9 169,182,184,186 1:4:3:1 1:2.4 (1.6–3.5) 1:3.2 (2.1–4.7) 2, 7 Yes
III:3 4 9.1  1.8 9.8  .74 10  1.1 2.1  .13 9/10 169,182,184,186 1:3:3:2 1:3.0 (2.1–4.4) 1:3.5f (2.8–5.2) 2, 7 Yes
Family 3:
I:1 5 4.4  .42 4.2  .36 4.4  .29 2.1  .10 4 182,184,188,190 1:1:1:1 1:1.6 (1.3–2.0) 1:1.3f (1.1–1.5) 2, 2 No
I:2 3 ND 14  3.4 12  .16 2.3  .78 12 169,182,184,186,188 1:1:8:1:1 1:2.1 (1.9–2.3) 1:1.9f (1.5–2.4) 4, 8 Yes
II:1 3 12  1.2 11  .65 13  .29 2.1  .89 12 169,182,184,188 1:2:8:1 1:2.8 (2.2–3.7) 1:2.3f (1.5–3.4) 4, 8 Yes
Unrelated individuals:
J1 5 2.0  .096 2.0  .14 2.0  .11 2.0  .15 2 169 …
N005 5 3.0  .28 2.5  .33 3.1  .44 1.9  .28 3 169, 186 1:2
N008 5 3.4  .42 3.2  .27 3.3  .25 1.8  .10 3 182,186,188 1:1:1
N015g 5 4.6  .25 3.9  .13 5.4  .48 1.9  .35 5 169,184,186,188 2:1:1:1
N025 3 6.5  .85 7.3  .85 7.1  .85 2.0  .13 7 169,182,184,186 2:1:2:2
N029 3 5.1  .34 5.6  .19 6.2  .34 2.0  .36 6 169,184,186, 190 1:3:1:1
Chimpanzeeh 1 4.1 ND 4.2 2.1  1.0 4 169 …
Gorillah 1 1.4 ND 2.5 1.9  1.2 2 186 …
NOTE.— ND p not determined.
a Dosage per diploid genome  95% conﬁdence limits, with J1 or N005 as the standard reference.
b Mean ratio (95% conﬁdence limits).
c Yes p presence of an 8p23.1 EV chromosome; No p normal chromosome 8.
d Number of independent MAPH tests.
e Excluding DEFA1.
f Using YAC 820b4.
g Heterogeneity of repeat unit ( , by t test).P ! .01
h The large CIs seen in the gorilla and chimpanzee samples are due to dosage differences in reference subtelomeric probes as compared with humans.
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Figure 3 SQ-FISH of 8p23.1 EV (left) and normal (right) homo-
logs in individual II:1 of family 3, using 8p23.1 BAC 51D11 (red) and
D8Z2 centromere probe (green).
ber of one SPAG11/DEFB4 gene per chromosome, for
several reasons. First, the absolute strength of the three
MAPH probes in individuals with the lowest copy num-
ber is very similar to that of the subtelomeric probes
(two copies per genome) (Hollox et al. 2002) acting
as reference loci in this probe set (e.g., see ﬁg. 2). Sec-
ond, when this model is used, the number of micro-
satellite alleles never exceeds the copy number (table
2). Third, the model also ﬁts closely with the observed
distribution of signals in the 90 control individuals;
most have ∼1.5–2 times the signal found in the indi-
viduals with the lowest copy number, suggesting three
and four as the most frequent copy numbers (from
35/90 and 38/90 samples, respectively). Under the as-
sumption of a lowest copy number of two, other sam-
ples can be normalized to a standard reference sample,
to determine copy number and to show that the un-
related control individuals have two to seven copies
(table 2). Blind MAPH analysis of the three probes
showing normal copy number variation in three EV-
carrying families indicated that EV carriers had total
copy numbers of 9–12 (ﬁgs. 2–4).
Analysis of allelic diversity and dosage at the EPEV-1
microsatellite can begin to reveal the evolution of the
different-copy-number alleles (table 2). The EV chromo-
somes in family 2 have an expanded cassette of two mi-
crosatellite alleles showing increased dosage (182, 184,
and 186 in the ratio 3:3:1, giving a seven-copy chromo-
some), which implies that the high-copy-number allele
was formed recently by triplication of two repeats carry-
ing the 182 and 184 alleles. In contrast, family 1 carries
an EV chromosome that has been generated by expan-
sion of one or more repeat units carrying the 184 al-
lele. Because the EV chromosomes in different families
carry different microsatellite alleles, we infer that they
had independent origins (table 2). In the 16 different
CEPH chromosomes analyzed, which each had one or
two EPEV-1 alleles, nine different alleles were identiﬁed,
showing that the underlying paralogy has existed long
enough to allowmicrosatellite divergence between para-
logs. Indeed, analysis of chimpanzee (Pan troglodytes)
and gorilla (Gorilla gorilla) DNA shows that initial du-
plication of this b-defensin cluster may have occurred
before the chimpanzee-human divergence, 6 million
years ago (table 2).
The 120 kb between the EPEV-1 microsatellite and
the farthest MAPH probe showing variation (shown by
an asterisk in ﬁg. 1 and not included in the main probe
set) includes the b-defensins DEFB104 and DEFB103,
as well as DEFB4 and SPAG11, which all map to clone
SCb-295j18 (DDBJ/EMBL/GenBank accession number
AF252830). This clone has been identiﬁed as “duplicat-
ed” by in silico analysis of whole-genome shotgun se-
quence (Bailey et al. 2002). Clones that share paralogous
regions can be identiﬁed in GenBank, and two of these
were included in the UCSC November 2002 assembly of
the human genome (see the UCSC Genome Bioinformat-
ics Web site). Measuring the distance between two paral-
ogous SPAG11 genes in this assembly gives a repeat size
of 306 kb. However, because of the interchromosomal
paralogs of the adjacent ORR and the possible presence
of sequence derived from inversion alleles, in silico as-
sembly and identiﬁcation of the repeat-unit boundaries
has many potential problems. Pulsed-ﬁeld gel electropho-
resis analysis of SﬁI-digested genomic DNA from an in-
dividual with seven copies of the repeat shows a single
band of ∼240 kb after hybridization with a SPAG11 or
DEFB4 probe, indicating that this is a minimum repeat
size (data not shown). Therefore, a cluster of b-defensins
occurs on this large repeat unit showing copy number
variation. SQ-FISH of EV carriers demonstrated increased
signal from BAC 51D11 (Trask et al. 1998), which hy-
bridizes to a subset of ORRs that includes those in 8p.
This shows that the adjacent ORR is involved in the EV
and, probably, in the normal copy number variation. Fur-
ther SQ-FISH analyses using YACs containing DEFB4
sequence show speciﬁc hybridization to 8p23.1 and in-
creased signal on EV chromosomes (table 2).
Signal intensity ratios from SQ-FISH, calculated by
comparison of signals on the two 8p23.1 homologs in
each of10 cells, can be combinedwith total-copy-num-
ber measurements by MAPH to estimate the copy num-
ber on individual chromosomes. For family 2, SQ-FISH
analysis of EV carriers (with a total copy number of nine)
shows signal intensity ratios consistent with two copies
on the normal chromosome and seven copies on the EV
chromosome (table 2). For families 1 and 3, the SQ-FISH
results are less straightforward. It is likely that hetero-
geneity between repeat-unit copies results in reduced hy-
bridization of BAC 51D11 and YAC 820b4 to the EV
chromosome in family 3, and reduced hybridization of
BAC 51D11 may also be the cause of the discrepancy in
SQ-FISH results between the BAC and the YAC in family
1. Paralogous repeats involving ORRs are thought to be
a complex patchwork of sequence (Trask et al. 1998),
yet there are no signiﬁcant differences in MAPH results
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Figure 4 MAPH analysis of 8p23.1 copy number in three families. Pedigrees of families 1–3 are annotated with MAPH-determined copy
number (see also table 2). Half-blackened symbols indicate EV carriers. N p chromosomally normal; nt p not tested.
for each individual between probes F–H, except for in-
dividual N015 ( , by t test, corrected for multipleP ! .05
observations), which demonstrates that any small-scale
heterogeneity that affectsMAPH is uncommonand, thus,
that repeat units share similar sequence, at least across
the b-defensin cluster.
Microarray data show that expression levels ofDEFB4
(previously known as “DEFB2”; see the GNF Gene Ex-
pression Atlas Web site) in whole blood are high (Su et
al. 2002), and, given its chemokine function in addition
to its antimicrobial properties, most if not all of this
expression is likely to be in cells involved in the immune
response (Yang et al. 1999). Therefore, we used lympho-
blastoid cell lines, which are derived from peripheral
blood lymphocytes, as a model for initial experiments
measuring mRNA levels of the DEFB4 cytokine in dif-
ferent individuals. Total RNA was extracted from seven
lymphoblastoid cell lines derived from individuals of the
different families (table 2). As predicted, of the four genes
(SPAG11, DEFB4, DEFB103, and DEFB104) known to
map within the repeat unit, only DEFB4 was expressed
in lymphoblastoid cells. Analysis of DEFB4 expression
by semiquantitative duplex RT-PCR (Harder et al. 1997)
shows thatDEFB4mRNA expression is signiﬁcantly cor-
related with DEFB4 copy number, and variation in copy
number accounts for 50% of the observed variation in
expression (ﬁg. 5).
Discussion
Our results have shown that the molecular basis for the
8p23.1 EV is an extreme of normal copy number variation
involving a cluster of b-defensins. These results provide
a molecular basis for distinguishing the 8p23.1 EVs that
are consistent with a normal phenotype (Barber et al.
1998) from other duplications of distal 8p, which may
have phenotypic consequences (Pehlivan et al. 1999; En-
gelen et al. 2000; Fan et al. 2001; Kennedy et al. 2001;
Harada et al. 2002; Tsai et al. 2002). Aberrant recom-
bination between the ORRs in 8p23.1 is believed to un-
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Figure 5 DEFB4 transcript levels versus b-defensin–cluster DNA copy number for a series of seven lymphoblastoid cell lines. DEFB4
transcript was measured in triplicate by using duplex RT-PCR with TBP as a control transcript. Mean ratio (transformed to log10)  SEM of
DEFB4:TBP intensity ratios is shown on the Y-axis, and MAPH copy number is shown (mean of ﬁve tests  SEM) on the X-axis. There is a
signiﬁcant correlation between DEFB4 transcript levels and b-defensin–cluster copy number ( ; ). A similar pattern of variation2r p 0.5 P ! .05
in DEFB4 expression level was also obtained, using G3PD as a control transcript (data not shown).
derlie other clinically important chromosome rearrange-
ments of 8p (Giglio et al. 2001, 2002), and microsatellite
analysis of CEPH families will help to determine wheth-
er copy number predisposes to or is itself the product of
aberrant recombination.
We have shown that MAPH, like other methods for
directly assaying DNA copy number, is suitable for the
analysis and genotyping of copy number polymorphisms,
an often overlooked source of variation in the human
genome (Siniscalco et al. 2000). In light of the apparently
recent burst of segmental duplications (Bailey et al. 2001,
2002; Liu et al. 2003; Locke et al. 2003), these are likely
to be frequent in the human genome, and recent reports
support this hypothesis (Pramanik and Li 2002; Robledo
et al. 2002; Yu et al. 2002).
The copy number variation at 8p23.1 involves a repeat
unit of unprecedented size containing several genes and
must be appreciated when interpreting SNP data from
this region. An attempt at characterization of SNP var-
iation has already been made (Jurevic et al. 2002), and
distinguishing allelic polymorphisms from differences
between paralogs is impossible without knowledge of
the copy number. The combination of paralog differ-
ences and polymorphisms can produce an extremely di-
verse repertoire of gene variants, and careful character-
ization of this variation will provide the data for im-
portant clinical association studies. DEFB4 has been
suggested as a modiﬁer locus for cystic ﬁbrosis (CF
[MIM 219700]) (Bals et al. 1998; Singh et al. 1998)
because of its efﬁcacy against P. aeruginosa, which is a
major cause of morbidity in patients with CF. b-Defen-
sins have also been implicated in the etiology of inﬂam-
matory bowel disease and skin diseases such as eczema
and psoriasis (Schutte and McCray 2002).
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Defensins have evolved by duplication followed
by adaptive evolution (Hughes 1999; Morrison et al.
2003). There is also evidence that certain defensin
genes maintain general antimicrobial activity yet ac-
quire high efﬁcacy against certain species or take on
other more diverse functions (e.g., signaling or sperm
maturation). A model of gene evolution has been pro-
posed in which one gene acquires multiple functions
and then duplicates, with each paralog undergoing
rapid adaptive evolution to specialize in its own func-
tional niche (Hughes 1994). Discovery of polymor-
phic copy number variation of b-defensins suggests
an ongoing “birth-and-death” process of gene-family
evolution (Gu and Nei 1999), possibly driven by ep-
idemic infections in human evolutionary history.
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